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Microwave imaging has received increasing attention in the last decades, motivated by its application in 
diagnostic imaging. Such effort has been encouraged by the fact that, at microwave frequencies, it is possible 
to distinguish between tissues with different dielectric properties. In such framework, a novel microwave 
device is presented here. The apparatus, consisting of two antennas operating in air, is completely safe and 
non-invasive since it does not emit any ionizing radiation and it can be used for breast lesion detection 
without requiring any breast crushing. We use Huygens Principle to provide a novel understanding into 
microwave imaging; specifically, the algorithm based on this principle provides images which represent 
homogeneity maps of the dielectric properties (dielectric constant and/or conductivity). The experimental 
results on phantoms having inclusions with different dielectric constants are presented here. In addition, the 
capability of the device to detect breast lesions has been verified through clinical examinations on 51 breasts. 
We introduce a metric to measure the non-homogenous behaviour of the image, establishing a modality to 
detect the presence of inclusions inside phantoms and, similarly, the presence of a lesion inside a breast. 
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1. Introduction 
Several unique properties of ultra wideband (UWB), including its non-ionizing signals, low cost and the 
ability to penetrate through media (air, skin, bones and tissues) have transformed it into an ideal candidate to 
be used as a novel medical imaging technology. 
Current medical imaging technologies are able to produce reconstructions of living tissues using a range of 
methods. Most common examples are ultrasound scanners, planar X-ray, X-rays computed tomography (CT) 
and nuclear magnetic resonance imaging (known as MRI). Each one of these techniques has its own 
drawbacks; for instance, ultrasound is a very cost effective technique and is extremely useful for selected 
tissues, but suffers from contrast problems and an inability to image objects with large acoustic impedance 
differences, e.g. air spaces and bones [1]. CT on the other hand, is very effective for imaging high contrast 
subjects but does result in a significant dose of ionizing radiation to the patient [2]. MRI is non-ionizing, 
offers excellent soft tissue contrast imaging, but scanners are expensive to buy and maintain. In response to 
all these limitations, UWB imaging, based on purely electrical field at microwave frequencies, has been 
recognized as a promising non-ionizing and non-invasive alternative imaging technology. With UWB 
imaging, tissues are pictured based on differences in their dielectric properties [3]. 
UWB microwave imaging has attracted growing attention, especially for its applicability to breast cancer 
detection [4], motivated by the significant contrast in the dielectric properties at microwave frequencies of 
normal and malignant tissues. UWB microwave imaging introduces some advantages with respect to the 
conventional examinations. First of all, UWB microwave imaging is free from ionizing radiations (X-rays), 
which are not recommended for screening purposes in women under the age of 50 [5, 6]. Moreover, during 
the examinations carried out with UWB microwave imaging, the patient appears to be more comfortable 
since this type of measurement does not require the painful compression of the breast. The physical principle 
of the UWB microwave imaging techniques lies in a different perspective of the breast; in fact, rather than 
the density, microwaves respond differently if they hit tissues having different dielectric properties. A 
significant contrast between healthy breast tissue and malignant tissue is present at microwave frequencies; 
this contrast is shown to be up to a factor of 5 in conductivity and permittivity [4]. Meanwhile, newer studies 
suggest the existence of this contrast only between fatty and malignant breast tissues, and a lower contrast 
(as low as 10% in dielectric properties) between healthy fibro glandular and malignant tissues [7, 8]. 
Current ongoing research on microwave breast imaging is separated mainly into microwave tomography and 
UWB radar techniques. Microwave tomography attempts to reconstruct the full electrical profile of the breast 
by solving a rather ill-posed and nonlinear inverse scattering problem [9, 10]. Radar-based imaging requires 
solving a simpler problem of finding the microwave scattering map based on the differences in dielectric 
properties of the breast tissues [11-13]. Low signal to clutter (S/C) ratio and, in microwave tomography, 
complex mathematical formulation causing solution instability are some of the drawbacks of such 
microwave techniques. 
At present, some UWB microwave imaging prototypes for breast cancer detection are at clinical trials stage 
[14, 15]. Recently, a novel microwave apparatus (MammoWave, UBT Srl, Perugia, IT) started clinical 
validation [16, 17]. In MammoWave, microwave signals are processed through Huygens principle (HP) [18]. 
The methodology allows to differentiate between different tissues, or different conditions of tissues, and to 
get a final image, which represents a homogeneity map of the dielectric properties (dielectric constant and/or 
conductivity). UWB microwave imaging technology permits the use of all the information in the frequency 
domain by combining the information of the individual frequencies to build such image. Like radar-based 
imaging, HP method can identify the presence and the position of significant dispersions, i.e. inclusions 
within a volume. In [19], it has been shown that HP has superior performances in terms of S/C ratio and in 
localization.  
In this paper, we present a brief description of the MammoWave and the results achieved through phantom 
validations. Specifically, both homogenous phantoms and phantoms having inclusions are investigated. We 
introduce a metric to measure the non-homogenous behaviour of the microwave image, which is the ratio of 
maximum to the average of the image intensity (MAX/AVG), establishing a simple and effective modality to 
detect the presence of inclusions inside phantoms. In addition, the capability of the device to detect breast 
lesions has been verified through clinical examination on 51 breasts, each one with the correspondent output 
of the radiologist study review obtained using echography and/or mammography and/or MRI. Welch's t-test 
has been used to verify if MAX/AVG of the healthy breasts is statistically different from MAX/AVG of the 
non-healthy breasts; next, MAX/AVG has been successfully used for discriminating between healthy breasts 
and breast with lesions, with a true positive rate of 0.7 and a corresponding false negative rate of 0.35. 
The rest of this manuscript is organized as follows. Section 2 describes the device and the fundamentals of 
the mathematical method used in the imaging procedure. Section 3 explains the metric to measure the non-
homogenous behaviour. In Section 4, we will show the results obtained, and Sections 5 and 6 are presenting 
some discussions and conclusions, respectively. 
 
2. Materials and Methods 
In accordance with the HP, ‘Each locus of a wave excites the local matter which reradiates a secondary 
wavelet, and all wavelets superpose to a new, resulting wave (the envelope of those wavelets), and so on’ 
[20]. Specifically, we consider what happens if we apply HP to reconstruct the field inside an object using 
the field measured outside it as the locus of a wave. 
In more details, let us refer to the problem depicted in Fig. 1. A cylindrical phantom is illuminated by a 
transmitting antenna ,txm p  that operates in a given frequency band B. The phantom has dielectric constant 
r  and the conductivity  (which may be unknown). The phantom may contain an inclusion with a 
different dielectric constant and/or conductivity. The problem consists of identifying the presence of the 
inclusion by using the field measured through a receiving antenna which collects the measurements at many 
points rxn  displaced all around the phantom. As described in [21], it has been shown through both 
simulation and measurement in an anechoic chamber that the reconstructed field in the object will exhibit a 
mismatch in the region of transition of the two media, i.e. where the inclusion is located. This mismatch 
allows detection.  
Instead, all images and results shown in this paper are obtained using the device MammoWave installed at 
the Department of Diagnostic Imaging, Perugia Hospital, Perugia, Italy. 
The device, shown in Fig. 2, consists of two antennas operating in air, in the frequency band B from 1 to 9 
GHz. The antennas are connected to a Vector Network Analyzer (Cobalt C1209, Copper Mountain, 
Indianapolis, IN). The device’s internal surfaces are shielded with absorbing material (flat absorber AH 
model, SIEPEL Cyber, France). The instrument (appropriately integrated with a bed) is additionally 
constituted by: a hub with a cup that is placed to contain the breast of the patient (prone positioned) or, as in 
this case, the phantoms; two arms to associate transmitter (Tx) and receiver (Rx) to the hub through rotation.  
The Tx antenna is a horn antenna having a Voltage Standing Wave Ratio (VSWR) lower than 3.0 between 1 
and 1.6 GHz and lower that 2.0 between 1.6 and 9 GHz. The Rx antenna is a microstrip monopole antenna 
having VSWR lower than 2.0 between 1 and 9 GHz. The Tx and Rx antennas are placed at the same height 
and can be circularly moved on the azimuthal plane, to irradiate (Tx) and subsequently receive (Rx) the 
microwave signals from different angular directions. The Tx plane is divided into 5 angular sections of 72°. 
For each section, the transmitting antenna can transmit from the central position of the section (0°, 72°, 144°, 
216°, 288°) plus from two other positions displaced ± 4.5° from the central one. It follows that we will have 
a triplet for each section. For each Tx position, the Rx antenna can be moved measuring the received signal 
every 4.5°; this will lead to a total of 80 receiving points. 
In more details, assuming that Rx can be rotatably moved to measure the received signal at the points 
0rx ( , )n n na     displaced along a circular surface having radius a0 as shown in Fig. 1, the received signals 
can be expressed as: 
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where n=1,2,…,80, indicates the receiving points; m=1,2…,5 indicates the transmitting sections, p=1,2,3 
indicates the position inside each transmitting section; and f is the frequency. The received signals are then 
processed through HP to calculate the field inside the cylinder; such field is then used to generate an image, 
which is a homogeneity map of dielectric properties. Specifically, we calculate the field inside the cylinder 
as a superposition of the fields radiated by the NPT receiving points of eq. (1):  
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where ( , )    is the observation point, 1k  here represents the wave number. Due to the presence of both 
Tx and Rx antennas in air, the wave number 1k is set using free space dielectric constant. In eq. (2), the string 
rcstr is used to indicate the “reconstructed” internal field, while the string HP indicates that a HP based 
procedure will be employed. In eq. (2), the Green’s function G for homogenous media is used to propagate 
the field. It should be highlighted that eq. (2) does not give the correct internal field, even when dealing with 
homogenous problems. However, it has been shown in [18, 21] that eq. (2) can capture the contrast, i.e. 
mismatch boundaries. Assuming we use NF frequencies if  in the band B, it follows that the intensity of the 
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To remove the artefacts [18], here we employ the subtraction between S21 obtained using two measurements 
belonging to the triplet of the same section. In formula: 
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The images of all the sections are then summed up to get a final image as following: 
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The capability of the device to detect inclusions has been verified through measurements in phantoms. In this 
context, a 1 mm thick plastic cylinder with 11 cm diameter and 23 cm height has been used as a container. 
The samples taken into examination have been oil (in more details, sunflower oil) and glycol (in more 
details, a solution constituted of 85% glycol and 15% water). To reproduce the inclusions, tubes of 10 mm 
diameter and 23 cm height filled with water or glycol have been used. The following measurements have 
been carried out:  
i) Homogeneous phantom consisting of oil,  
ii) Homogeneous phantom consisting of glycol,  
iii) Phantom consisting of oil with an inclusion consisting of glycol, 
iv) Phantom consisting of oil with an inclusion consisting of water, 
v) Phantom consisting of glycol with an inclusion consisting of water. 
Next, the capability of the device to detect breast lesions has been verified through clinical trials which are 
ongoing under a protocol approved by the Ethical Committee of Regione Umbria, Italy (N. 6845/15/AV/DM 
of 14/10/2015, N. 10352/17/NCAV of 16/03/2017). The protocol concerns a feasibility study for detection of 
breast lesions using the proposed microwave mammogram apparatus. In this context, we present the results 
obtained using 51 breasts, each one with the correspondent output of the radiologist study review obtained 
using echography and/or mammography and/or MRI. Echography was performed using the MyLab 70 xvg 
Ultrasound Scanner (Esaote, Genova, Italy); mammography was performed using Selenia LORAD 
Mammography System (Hologic, Marlborough, MA); magnetic resonance imaging was performed through a 
3T scanner (Siemens Healthcare, Erlangen, Germany). The output of the radiologist study review has been 
used as gold standard for classification of the breasts in two categories: healthy (i.e. breasts with no lesion) 
and non-healthy (i.e. breasts containing lesions).  
The informed consent was obtained from all the patients. All procedures performed in this study were in 
accordance with the ethical standards of the institutional and/or national research committee and with the 
1964 Helsinki declaration and its later amendments or comparable ethical standards. 
 
 
Fig. 1: Pictorial view of the problem, where the cylindrical phantom/breast is shown in light gray, and the red and black dots 
represent the receiving and transmitting antennas respectively (color online). The red and black dotted lines represent the 
circumferences where the receiving and transmitting antennas may be circularly moved on the azimuthal plane to irradiate and 








Fig. 2: Top) MammoWave device installed at the Department of Diagnostic Imaging, Perugia Hospital, Perugia, Italy; bottom) The 
device includes a cup that holds the breast when the patient lies prone on the examination table. The transmitting (Tx) and receiving 
(Rx) antennas are located inside a hub and can be moved around the azimuth, to irradiate the breast (through Tx) and capture the 
microwaves scattered by the breast itself (through Rx). Both Tx and Rx are connected to a Vector Network Analyzer (VNA). No 




For each measurement, considering the 15 positions of Tx, the 80 receiving positions of Rx and the 
frequencies in the range 1-9 GHz with a 5 MHz step, we generate a 1200x1601 raw data matrix of S21 
complex values, with a measurement time of approximately 10 minutes. For each measurement, the radius a0 
is 0.07 m. Correspondent microwave images have been obtained by employing eq. (5), with a computational 
time of approximately 5 minutes.  
In order to compare different measurements, all images have been normalized to their own average intensity. 
In addition, we introduce a metric to measure the non-homogenous behavior of the image, which is the ratio 
between maximum and average of the image intensity (MAX/AVG). In order to assess the repeatability, 
imaging of homogeneous phantoms has been performed five times, and the mean and standard deviation of 
MAX/AVG have been determined.  
With the aim of investigating the impact of different sub-bands, four images of oil with glycol inclusion are 
generated employing eq. (5) for the four 2 GHz sub-bands (i.e. 1-3GHz, 3-5GHz, 5-7GHz, and 7-9GHz) 
separately.  
To be able to perform intra-breasts comparison, all images have been normalized to unitary average. For 
each microwave image, we calculated the parameter MAX/AVG. In addition, we also calculated the 
coefficient of variation (CV), i.e. the ratio of the standard deviation to the mean of the images, which is a 
metric conventional used to measure the non-homogenous behavior of images. Based on the classification 
performed by the radiologist, Welch's t-test (i.e. a two-sample two-tailed unpooled variances t-test) with α = 
0.05 has been performed for MAX/AVG. The same t-test procedure has been repeated for CV. 
Next we calculated: the mean and standard deviation of MAX/AVG and of CV for the healthy breasts; the 
mean and standard deviation of MAX/AVG and of CV for the non-healthy breasts. 
Finally, we empirically evaluated the receiver operating characteristic (ROC) curve using, separately, 
MAX/AVG or CV for classification. Specifically, since True Positive (TP) rate and False Negative (FN) rate 
depend on the classifier threshold, i.e. the decision offset, we empirically calculated ROC curves by adjusting 
the decision offset and calculating TP and FN for all possible decision offsets. It is worthwhile pointing out 
that TP rate is commonly denoted as sensitivity, while FN rate is equal to 1-specificity. 
 
 Dielectric constant (at 5 GHz) Conductivity (at 5 GHz) [S/m] 
Oil (sunflower) 4 ~0 
Glycol (a solution constituted of  
85% glycol and 15% water) 
15 1 
Water 77 3 
 






4. Results  
4. 1. Phantom Imaging  
The dielectric properties of oil, glycol, and water for the frequency equal to 5 GHz are given in Table 1. The 
dielectric property of oil was measured using the Epsilon dielectric measurement device (Biox Epsilon 
Model E100 manufactured by Biox System Ltd Company), which is an instrument for contact measurement 
using a fingerprint sensor that responds to capacitance. It can be used for measurements on isolated soft 
solids and liquids. It is important to highlight that the measurement device does not give the dielectric value 
at the frequency of the interest but gives the permittivity values at frequency of 0 Hz. However, it is still 
suitable for a liquid which consists of ingredients that do not experience any changes with frequency 
variation such as oil. The conductivity of the oil can be neglected [22], while the dielectric properties of 
glycol and water were derived from [23]. 
To assess the repeatability, imaging of homogeneous phantoms has been performed five times: concerning 
the homogeneous phantom of oil, the mean MAX/AVG of the five imaging experiment is equal to 1.42, with 
a standard deviation of 0.015. Regarding the homogeneous phantom of glycol, the mean MAX/AVG is equal 
to 1.58, with a standard deviation of 0.02. 
An image of the homogeneous phantom of oil is given in Fig 3. Fig. 4a shows the images of the oil with 
glycol inclusion having 10 mm diameter, and Fig. 4b refers to the oil with water inclusion having 10 mm 
diameter. Fig. 4c refers to the glycol with water inclusion.  
Fig. 5 shows the images of oil with glycol inclusion obtained employing eq. (5) for the four 2 GHz sub-
bands, separately. This allows investigating the impact of different sub-bands in the detection process.  
Table 2 shows the MAX/AVG for the oil with glycol inclusion, for oil with water inclusion and glycol with 
water inclusion calculated when employing the full band (1- 9 GHz) and when employing the four different 
sub-bands, separately. 
4. 2. Clinical Imaging  
According to the radiologist study review, 22 healthy breasts (16 dense) and 29 non-healthy breasts (21 
dense) underwent microwave imaging (which included 7 carcinoma, 9 fibroadenoma, and 5 
microcalcifications). More details on the patient population are given in Table 3. Table 4 summarizes the 
mean and standard deviation of MAX/AVG and of CV for the healthy breasts and for the non-healthy 
breasts. 
As an example, in the left column of Fig. 6, microwave images are given for: (a) heterogeneously dense 
breast with carcinoma; (b) scattered fibro glandular healthy breast; (c) heterogeneously dense breast with 
microcalcifications; (d) heterogeneously dense breast with fibroadenoma. The tables, shown as inserts, 
summarize the correspondent MAX/AVG and CV. In the right column of Fig. 6, the images obtained using 
mammography (a, b, c) or echography (d) are given. 
Fig 7 shows the box plot of the Welch's t-test (α = 0.05) performed for MAX/AVG and for CV, while ROC 












Oil with glycol inclusion 1.95 1.80 1.82 2.05 2.36 
Oil with water inclusion 2.40 2.28 2.46 2.50 2.88 
Glycol with water inclusion 1.87 1.85 2.11 2.00 1.81 
 
Table 2. MAX/AVG for the oil with glycol inclusion, for oil with water inclusion and glycol with water inclusion calculated when 
employing the full band and when employing the four different sub-bands, separately. 
 
Fig. 3. Image of the homogeneous phantom of oil. The image has been normalized to its own average intensity. X and Y are given in 
meters, while the intensity is in arbitrary unit. 
 
 
Fig. 4. (a) Image of the oil with glycol inclusion; (b) image of the oil with water inclusion; (c) image of the glycol with water 




5. Discussion  
Healthy breast tissues may vary upon the percentages of adipose, i.e.  fatty, and fibro glandular tissues [7, 8]. 
In this context, the dielectric properties of the oil used in this study may be considered a good approximation 
of the dielectric properties of high adipose-content healthy breast tissue, while the dielectric properties of the 
glycol may be considered a good approximation of the dielectric properties of low adipose-content healthy 
breast tissue. The dielectric properties of the water may be considered as an approximation of the malignant 
tissue.  
Images obtained using the proposed apparatus are intensity maps representing the homogeneity of dielectric 
properties. However, as highlighted in Fig 3, even homogenous phantom will lead to a slight non-
homogeneous map. This is due to the fact that the antennas operate in the air, i.e. there is a mismatch 
between the medium where the antennas operate, and the phantom. In addition, the image in Fig 3 does not 
show symmetry. As described before, all the images are obtained by combining results of the 5 sections, 
which are derived using the correspondent 5 triplets of S21 values. Slight differences in the 5 triplets (<0.1%), 
due to the intrinsic stability of the VNA and the tolerance in mechanical manufacturing of the device are 
presumably the reason of such asymmetry. In this context, it should be pointed out that particular care has 
been taken to guarantee stability of the coaxial connections in the apparatus, thus adopting the use of semi-
rigid coaxial cabling.   
The non-homogeneous behavior can be quantified by introducing a dedicated metric, which is MAX/AVG. 
Specifically, we calculated that MAX/AVG is equal to 1.42 for the homogeneous phantom of oil, and equal 
to 1.58 for the homogeneous phantom of glycol. The higher value of MAX/AVG for the homogeneous 
phantom of glycol with respect to the homogeneous phantom of oil is probably due to the higher dielectric 
constant of the glycol.  
Let us now consider Fig. 4: the contrast due to the differences in dielectric properties is highlighted by an 
increase in the intensity in the region where the inclusion is placed. Thus, if inside a phantom there is an 
inclusion, i.e. a mismatch in dielectric properties exists, such inclusion will lead to a peak in intensity.  
Consequently, MAX/AVG for the phantom with inclusion will be greater than MAX/AVG for the 
homogenous phantom. Specifically, concerning the oil, we found that MAX/AVG is equal to 1.95 when the 
inclusion is constituted of glycol (which is 37% higher that MAX/AVG calculated in the homogeneous 
phantom), and it increases up to 2.40 if the inclusion in constituted of water (which is 69% higher that 
MAX/AVG calculated in the homogeneous phantom). Such enhancement may be related to the higher 
contrast in dielectric properties between oil and water. 
Concerning the glycol, we found that MAX/AVG is equal to 1.87 when the inclusion is constituted of water 
(which is 18% higher that MAX/AVG calculated in the homogeneous phantom). This lower value can be 
explained by recalling that glycol has much higher losses than oil, and losses may compromise the 
penetration of the field. 
 
Fig. 5. Images of oil with glycol inclusion obtained employing eq. (5) for the four 2 GHz sub-bands, separately. All the images are 
normalized to the correspondent maximum. 
 
As shown in Fig. 5, which refers to the oil with glycol inclusion, the presence and location of the inclusion is 
visible for all sub-bands, although the characteristics of the peak varies with the frequency itself. 
Specifically, it can be noted that the dimension of the peak decreases with the frequency. This confirms the 
findings presented in [21], where it is concluded that higher frequency leads to an increase of resolution.  
Table 2 shows MAX/AVG for oil with glycol inclusion, for oil with water inclusion and for glycol with 
water inclusion calculated in four different sub-bands. Interestingly, it can be noted that, for the oil with 
glycol inclusion and for the oil with water inclusion, MAX/AVG increases with the frequency. This trend is 
also confirmed in Fig 5, since a better definition of the peak at higher frequencies implies a decreasing of the 
average value in the intensity of the image. 
Conversely, for glycol with water inclusion, MAX/AVG first increases for the first sub-bands and then it has 
a drop. Again, this can be explained recalling that glycol has higher losses than oil: losses compromise the 
penetration of the field, especially at higher frequencies. As the breast is constituted of lossy tissues [4, 7, 8], 
we decided to perform the clinical imaging employing the full band. 
Concerning clinical images, images obtained using the proposed apparatus are intensity maps representing 
the homogeneity of tissues' dielectric properties. Microwave images are given here as 2D images in the 
azimuthal plane, i.e. coronal plane. As the breast is constituted of non-homogeneous tissues [4, 7, 8], a 
certain level of non-homogeneity can also be seen in the healthy breast images, as highlighted in Fig 6b 
(left); such non-homogeneity will be related to the subjects’ breast anatomy. However, non-homogeneity is 
more pronounced in non-healthy breasts, as highlighted in Figs 6a (left), 6c (left) and 6d (left). From Table 4, 
it is possible to conclude that microwave images of non-healthy breasts have a mean MAX/AVG of 
approximately 7% greater than those of the healthy breasts, and that microwave images of non-healthy 
breasts have a mean CV of approximately 3% greater than those of the healthy breasts. Welch's t-test (α = 
0.05) for MAX/AVG leads to a P value of 0.0065, while the same t-test for CV leads to a P value of 0.0765. 
Thus, it follows that the metric MAX/AVG is statistically more robust than CV for discriminating between 
healthy breasts and breasts with lesions; this is also confirmed by comparing the two the ROC curves shown 
in Fig 8.  From MAX/AVG ROC curve, we obtained TP= 0.7 with a corresponding FN=0.35, values which 
are not-inferior to [24] where, although, performances have been statistically evaluated using clinical healthy 
breasts data and injecting simulated tumor response to mimic non-healthy breasts data.   
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29 52 20-86 7 9 5 8 
 
Table 3. Patient population. 
 
 
 mean of MAX/AVG of 
the microwave images 
standard deviation  of 
MAX/AVG of the 
microwave images 
mean of CV of the 
microwave images 
standard deviation  
of CV of the 
microwave images 
healthy breasts 1.65 0.08 0.417 0.013 
non-healthy 
breasts 
1.76 0.11 0.426 0.016 
 
Table 4- Mean and standard deviation of MAX/AVG and of CV for healthy and non-healthy breasts, separately. 
 
 
Fig. 6. Left column: microwave images are given for (a) heterogeneously dense breast with carcinoma; (b) scattered fibro glandular 
healthy breast; (c) heterogeneously dense breast with microcalcifications; (d) heterogeneously dense breast with fibroadenoma. The 
images have been normalized to their own average intensity. X and Y are given in meters, while the intensity is in arbitrary unit. 
















Fig. 7. Boxplots of the Welch's t-test (α = 0.05) performed for MAX/AVG (left) and for CV (right). In the Boxplots, the central mark 
is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points the 




Fig. 8. Receiver operating characteristic (ROC) curves obtained using, separately, MAX/AVG or CV for classification. We 











6. Conclusions  
A new microwave imaging device based on the Huygens principle has been validated through phantom 
measurements. The device allows achieving all the information in the frequency domain to be used by 
combining the single frequency information to construct an image. The procedure is robust and permits, in 
the presence of a contrast in dielectric properties, the detection of inclusions within an object. Validation of 
the device through experiments has been performed and presented, illustrating its effectiveness. It has been 
shown that MAX/AVG of phantoms with inclusion is up to 69% greater than MAX/AVG of phantoms 
without inclusion.  
The introduction of a metric to measure the non-homogenous behaviour of the image, which is the ratio of 
maximum to the average of the image intensity (MAX/AVG), is fundamental to quantify the detection rate. 
Specifically, the capability of the device to detect breast lesions has been verified through clinical trials. It 
has been shown that microwave images of non-healthy breasts have a mean MAX/AVG of approximately 
7% greater than those of the healthy breasts. Welch's t-test for MAX/AVG of the healthy breasts and 
MAX/AVG of the non-healthy breasts leads to a P value of 0.0065; by conventional criteria, this difference 
is considered statistically significant. It follows that MAX/AVG of microwave images could be used for 
discriminating between healthy breasts and breast with lesions, with a true positive rate of 0.7 and a 
corresponding false negative rate of 0.35. As there is no ionising radiation, the device is safe to use at any 
age, in any condition, with no limit on frequency of breast screenings. Moreover, in contrast to traditional 
mammography units that compress the breast, the device is more comfortable for the patient. The device 
does not use matching liquid, i.e. the antennas operate in the air; this makes the device manufacturing and 
functioning simpler. The absence of matching liquid enhances unwanted reflections from the breast surface; 
however, such reflections are successfully removed through artefacts removal procedure. 
Research is in progress to find the metric, which maximizes detection rate and to evaluate how detection rate 
performances varies with respect to breasts parameters such as density and kind of lesions, including early 
stage cancers. 
All the images shown here are non-filtered. Different kind of filters can be applied [25]; however, filtering 
highlights the peaks of intensities even if they do not correspond to any inclusions. Here instead, in order to 
compare images of homogeneous phantom and images of phantom with inclusions, and to perform intra-
breasts comparison, all images have been normalized to their own average intensity.  
Finally, it is worthwhile to point out that, together with detection, the device also allows localization. In this 
paper, localization has been only assessed visually. Errors in localization are expected due to the use of the 
wave number in free space [21] in eq. (2); a deeper investigation should be performed to analyze the error in 
localization, also with respect to the distance of the receiving points from the external surface of the object.   
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